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Abstract: Great interest is currently being devoted to the development of nanoparticles 
(NPs) for biomedical purposes, designed to improve the pharmacokinetic profile of their 
cargos (either imaging probes or drugs) and to enhance the specific targeting at the disease 
site. Recent works suggest that Surface Plasmon Resonance (SPR), widely used for the 
analysis of biomolecular interactions, represents a technique of choice for rapid and 
quantitative analyses of the interaction between NPs — functionalized with specific 
ligands — and their putative biological targets. Moreover, SPR can provide important 
details on the formation and the role of the protein "corona", i.e., the protein layer which 
coats NPs once they come into contact with biological fluids. These novel applications of 
SPR sensors may be very useful to characterize, screen and develop nanodevices for 
biomedical purposes. 
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1. Introduction 

Nanotechnologies represent one of the main research endeavors of the 21st century, with potential 
applications in many fields. With regard to biomedical applications [1,2], great interest is currently 
being devoted to the development of nanoparticles (NPs) as suitable carriers for imaging probes and 
therapeutic agents. 

NPs are supramolecular assemblies, usually ranging from 20 to 500 nm in size and generally made 
of phospholipids {i.e., liposomes), polymers, carbon or metals, which might be designed to improve 
the pharmacokinetic profile of their cargos and to enhance the specific targeting at the disease site [3]. 
Physicochemical properties of NPs, such as size and surface characteristics, might be modulated to 
confer stealthness, i.e., the property of escaping opsonization and macrophage-mediated clearance, 
enhancing NP's circulation time [4]. Surface properties also affect the adsorption of the proteins present 
in biological fluids, leading to the so-called protein "corona", which determines the pharmacokinetic and 
pharmacodynamic properties of NPs [5-8]. Site-specific targeting can be conveniently achieved by 
functionalizing the surface of NPs with suitable ligands, such as small molecules or antibodies, capable 
of recognizing receptors specifically located at the site of interest [9-11]. Site-specific targeting is 
functional to both diagnostic and therapeutic purposes, depending if NPs carry imaging probes or drugs. 

Thus, the interaction of functionalized NPs with their putative biological targets, as well as the 
protein-NPs interactions involved in the formation of the corona, are fundamental features underlying 
the NPs activity and value. 

Here we illustrate that these interactions can be conveniently investigated by Surface Plasmon 
Resonance (SPR) biosensors. SPR is a powerful label-free method widely used to study binding 
between two macromolecules [12-15]. Typically, one of the two interacting partners is immobilized on 
a sensor chip surface, and the other is flowed through a microfluidic system in contact with the chip 
surface. Binding is revealed in real time as a change of mass at the surface, and the interaction can be 
characterized in terms of on and off rates (kinetics) and binding strength (affinity) [16]. Due to these 
features, SPR has the potential for being a technique of choice for a rapid and quantitative in vitro 
method to characterize, screen and develop NPs for biomedical purposes. 

2. Experimental Section 

For the present SPR studies we used the ProteOn XPR36 apparatus (BioRad, Hercules, CA, USA), 
which has six parallel flow channels that can be used to uniformly immobilize strips of six ligands on 
the sensor chip gold surface. After ligand immobilization, the ProteOn XPR36 fluidic system can 
automatically rotate 90° [17] so that up to six different analytes can be injected simultaneously over all 
the immobilized ligands. 

For liposome immobilization, a GLM sensor chip (BioRad) was used. Undecylamine 
(Sigma-Aldrich, St. Louis, MO, USA) was amine-coupled to the surface with classical 
amine-coupling chemistry. Briefly, the surface was activated with N-hydroxysuccinimide/l-ethyl-3- 
(3-dimethyilaminopropyl)carbodiimide (NHS/EDC), and undecylamine in acetate buffer (pH 5.0) was 
flowed for 5 min at a flow rate of 30 uL/min. The remaining activated groups were blocked with 
ethanolamine, followed by a pulse with NaOH and surface regeneration with CHAPS. 
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Liposomes were prepared as described in [18] and were composed of a sphingomyelin- 
cholesterol matrix (Sm-Chol, 1:1 molar ratio) mixed or not with 20 molar % of cardiolipin (CL), 
dimyristoylphosphatidic acid (PA), phosphatidylcholine (PC) or monosialoganglioside GM1 (GM1) [18]. 
The diameters of these liposomes, estimated by Dynamic Light Scattering (DLS), were very similar, 
being (mean ± SD) 144 ± 10 nm, 143 ± 9 nm, 151 ± 9 nm, 178 ± 10 nm and 14 1 ± 12 nm for plain, 
CL, PA, PC and GM1 liposomes, respectively [18]. Liposomes (1 mM total lipids) in 10 mM TRIS, 
150 mM NaCl, 1 mM EDTA (pH 7.4) were flowed in the SPR apparatus for 5 min at a flow rate of 
30 uL/min. Amyloid-P (A[3) was immobilized on the sensor chip as described previously [18,19]. 

For NP corona studies, recombinant human low-density lipoprotein receptor-related protein- 1 
(LRP-1) cluster IV Fc chimera (R&D Systems, Minneapolis, MN, USA), anti-apolipoprotein E 
antibody (ApoE-Ab, Abeam, Cambridge, UK) and anti-human albumin antibody (HSA-Ab, GeneTex, 
Irvine, CA, USA) were immobilized in parallel-flow channels of a GLC sensor chip (BioRad) using 
amine-coupling chemistry. After chip surface activation, protein solutions were injected for 5 min at a 
flow rate of 30 uL/min, and remaining activated groups were blocked with ethanolamine, pH 8.0. All 
ligands were immobilized at a concentration of 30 ug/mL in acetate buffer, pH 4.0 for ApoE-Ab and 
HSA-Ab, or pH 3.0 for LRP-1. Final immobilization levels were similar for all chambers, i.e., 
approximately 4,000 Resonance Units (1 RU = 1 pg protein/mm 2 ). A reference surface was prepared in 
parallel using the same immobilization procedure but without addition of protein (empty surface). 

Negatively charged poly(methyl methacrylate) (PMMA) NPs, with diameters of approximately 
50 nm [20], were used for the present studies. NPs were incubated for 1 h in human plasma at 37 °C at 
a concentration of 1 x 10 12 NPs/mL. A parallel plasma sample was incubated in the absence of NPs 
and another control was prepared incubating NPs in 10 mM phosphate buffer, containing 150 mM 
NaCl (Phosphate buffer saline, PBS). After centrifugation at 13,000 x g for 15 min, the pellets, 
containing NPs and/or precipitated plasmatic proteins, were resuspended in PBS containing 0.005% 
Tween-80 (PBST), 1000-fold the original plasma volume. These suspensions were either directly 
injected into the SPR instrument or centrifuged again, and the supernatant injected. After each 
injection, bound analytes were allowed to completely dissociate before the next injection. 

3. Results and Discussion 

3.1. SPR for Studying the Interaction of Functionalized NPs with Their Putative Biological Targets 

In general, two formats can be envisaged to study the interaction between ligand-functionalized NPs 
(Lig-NPs) and their putative targets. One involves the flowing of the target onto Lig-NPs immobilized 
on the sensor surface (Figure 1(a)) whereas the other involves the opposite, the immobilization of the 
target and the flowing of Lig-NPs (Figure 1(b)). 

The literature offers examples of both formats (described below), each of them has pros and cons. 
In general, an higher sensitivity can be predicted with the format in Figure 1(b) due to the higher mass 
of Lig-NPs, but this format might be limited by the possibility to immobilize the biological target 
without altering its binding properties. The analysis of the data obtained with the format in Figure 1(a) 
are suitable to estimate unbiased kinetic constants for the interaction between the flowing target and 
each of the ligand molecules exposed on the NP surface; on the contrary, the binding constants 
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estimated with the format in Figure 1(b) are likely the results of multivalent interactions occurring 
between each flowing Lig-NP and different immobilized target molecules (Figure 1(b)) [9,21] (see 
below for discussion of this important point). 

Figure 1. SPR approaches to study interactions between functionalized NPs and their 
putative biological targets, (a) Flowing of the target onto ligand-functionalized NPs 
immobilized on the sensor surface, (b) Flowing of ligand-functionalized NPs onto 
immobilized target (note the possibility that multivalent interactions underlie the binding of 
a single NP). 




3.1.1. Immobilization of Functionalized NPs on the SPR Chip Surface 

NPs can be immobilized onto sensor surfaces by different approaches. Liposomes can be stably 
captured by sensor surfaces exposing protruding lipophilic alkyl chain anchors, which insert into the 
lipidic layer of the NP [22-26]. Figure 2 reports the data obtained in our lab using this approach and 
showing the efficient and long-lasting capture of different types of liposomes. 

The maximal capture varied from 700 RU (GM1 liposomes) to 10,000 RU (plain liposomes). Since 
the size of the tested liposomes were very similar (-140 nm), the differences are likely due to the lipid 
composition, in agreement with previous data: in particular, it had already been shown that negatively 
charged liposomes deposited less densely due to electrostatic repulsion [23,24]. The dissociation rate 
was very slow, always lower than 2 x 10~ 4 s 1 , corresponding to less than 10% dissociation in ten 
minutes, and allowing the subsequent injection (binding) of analytes onto captured nanoliposomes. 

Some authors [22,25], but not others [24], showed that liposomes immobilize intact onto the sensor 
chip. With this approach, Cooper et al. [22] demonstrated that captured liposomes exposing 
(functionalized with) the ganglioside GM1 bind flowing cholera toxin with the expected affinity. 
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Figure 2. Capture of nanoliposomes on SPR chip surface. Sphingomyelin: cholesterol 
liposomes, including or not 20% of dimyristoylphosphatidic acid (PA, b), cardiolipin (CL, c), 
or monosialoganglioside GM1 (GM1, d) were flowed for 5 min (association phase) over a 
chip surface protruding lipophilic undecyl chain anchors. Panels show the raw 
sensorgrams, i.e., the SPR signal in Resonance Units, RU, versus time, each normalized to 
a baseline value of 0. The results obtained in six parallel surfaces are shown in each panel. 
No decrease of SPR signal was observed during the dissociation phase, indicating a stable 
capture of liposomes. 
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Other procedures have been used to capture liposomes on the sensor chip [23], such as: 
(i) liposomes containing amounts of biotinylated lipids can be covalently attached to chip surfaces 
exposing avidin [27]; (ii) liposomes functionalized with antigens can be captured by the corresponding 
antibodies covalently attached to the sensor surface [28]; antisense DNA-derived liposomes can be 
retained by hybridization to sense DNA tethers attached to the chip surface [29]. In a similar manner, 
thiol-conjugated polymeric NPs can be covalently immobilized onto bare gold surfaces for further 
interaction analysis [30,31]. 

3.1.2. Flowing of Functionalized NPs onto Biological Targets Immobilized on the Sensor Chip 

Some examples of this format have been obtained in our laboratory, looking at the A|3-binding 
properties of NPs functionalized with putative A[3 ligands, investigated as vectors for the targeted 
delivery of new diagnostic and therapeutic molecules for Alzheimer's disease (AD). For these SPR 
studies, we immobilized A[3 on the chip surfaces, either as monomers or as fibrillar aggregates [19], 
and injected NPs in the micro fluidic channels. 
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In the first study [18] we showed that functionalization of liposomes or solid lipid nanoparticles 
with anionic phospholipids (such as CL) confers the ability to bind to immobilized Ap fibrils 
(Figure 3(a)). Much lower, or negligible, binding was detected with plain NPs (Figure 3(a)) or with 
NPs exposing other phospholipids such as PC (Figure 3(a)). Furthermore, CL-NPs preferentially 
bound to Ap fibrils whereas lower binding was observed on A[3 monomers (Figure 3(b)). No binding 
was found on bovine serum albumin (BSA, always tested in parallel as reference protein, Figure 3(c)). 
Analysis of these sensorgrams allowed to estimate the affinity of cardiolipin-exposing liposomes for 
immobilized A|3 fibrils (K D of 44 nM calculated on the cardiolipin concentration) [18]. 

Figure 3. Flowing of functionalized NPs onto biological targets immobilized on SPR chip 
surface. Amyloid-P (A[3) species and BSA (reference protein) were immobilized in 
parallel-flow channels of a sensor chip. Plain liposomes (sphingomyelin: cholesterol 1:1) or 
liposomes carrying 20% of cardiolipin (CL) or phosphatidylcholine (PC) were flowed for 
3 min (bar), followed by 11 min dissociation phase. Panels show the raw sensorgrams, 
i.e., the SPR signal in Resonance Units, RU, versus time. The presence of cardiolipin 
(CL-liposomes, blue lines) confers the ability to bind to immobilized A[3, in particular Ap 
fibrils (a), whereas no binding was observed on BSA (c). No or negligible binding was 
detected with plain liposomes (black lines) or with liposomes bearing phosphatidylcholine 
(PC-liposomes, light blue lines). Data from [18] with modifications. 
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The same approach was used to investigate the AP-binding properties of liposomes functionalized 
with the putative AP-ligand curcumin and with a new curcumin derivative. We could observe [32] that 
the liposomes exposing the curcumin derivative (maintaining the planarity) bind with high affinity 
(Kd values in the low nM range) and specificity to Ap fibrils whereas those exposing non-planar 
curcumin did not bind to Ap\ providing fundamental data for further developments. 
Finally, SPR was used to characterize the binding properties of liposomes decorated with a new 
anti-Ap monoclonal antibody (AP-MAb) [33]. The data showed that AP-MAb-liposomes, but not 
IgG-liposomes, markedly bound to both Ap monomers and fibrils, but not to BSA. K D values 
(calculated on AP-MAb content) were about 0.5 and 2 nM with liposomes at high and low AP-MAb 
density respectively. AP-MAb liposome binding to Ap fibrils was additionally confirmed by an 
ultra-centrifugation technique, in which interactions occur in solution under physiological conditions. 
Further studies showed that the same AP-MAb-liposomes bound amyloid deposits in post-mortem AD 
brain samples, confirming the potential of these NPs for the diagnosis and therapy of AD. 
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In all these studies we observed that the binding of functionalized NPs to A[3 showed very low 
dissociation rate constant (Kof f ), approaching those of a pseudo-irreversible binding (see Figure 3(a)). 
This observation is likely explained by the presence of multivalent interaction, i.e., different molecules 
of AP-ligands exposed on the same NP contribute to the binding to the immobilized A[3 (Figure 1(b)). 
Thus, it has been previously shown that a multivalent ligand (dendrimer [9]; NP [21]) has a binding 
affinity for its target which can greatly exceed, even by 3-5 orders of magnitude, the binding affinity 
of the same ligand, if monovalent. In agreement, we observed that the affinity for A[3 fibrils of the 
curcumin derivative when exposed on liposomes (nanomolar range) was much higher than the affinity of 
the corresponding compound not attached to liposomes (micromolar range) [32]. The binding avidity of 
functionalized NPs is an added value of Lig-NPs, with relevant biological implications [3,9,34], and 
the ability to unravel it by SPR is noteworthy. 

3.2. SPR for Investigating Protein Corona 

When NPs enter biological fluids, e.g., the blood after systemic administration or the cytosol after cell 
uptake, they are coated by biomolecules, in particular proteins, which adsorb onto their surface [7,8]. The 
new layer, or corona, confers to NPs properties which might be very different from those of the bare 
NPs, markedly affecting their behaviour with regards to pharmacokinetics (biodistribution, interaction 
with immune system and clearance) and pharmacodynamics (interaction with cells and putative 
biological targets) [6,7]. 

The formation and composition of protein corona is a complex process depending on the 
physicochemical properties of NPs (e.g., size, composition and charge) [5,30,35-37] and on the 
biological fluid (protein's abundance and affinity for NPs surface) [7,35,38]. The protein adsorption is 
also a dynamic and competitive process, where more abundant proteins might adsorb at first, even with 
weak bonds, being displaced thereafter by less abundant proteins with higher affinity for the NPs 
surface [30,39,40]. For example, experimental data [41] and the results of a simulation model [40] 
suggest that human serum albumin (HSA) forms the early corona, and is soon replaced by 
higher- affinity and slower-exchanging apolipoproteins. The labile corona formed at initial time points 
is usually indicated as the "soft corona" and is characterized by a fast exchange rate with free proteins 
all around, whereas the latter is indicated as "hard corona" and is due to a more stable layer of proteins. 
Proteins adsorbed after incubation of NPs in plasma can be identified by proteomic analysis, and 
previous studies [5,8,36] indicated that the hard corona is mainly composed by 10-50 proteins 
including HSA, specific lipoproteins and proteins involved in coagulation and the complement 
pathway, with different consequences relevant to nanomedicine and nanosafety. Thus, adsorption of 
opsonins (IgG and complement factors) promotes phagocytosis with removal of NPs from the 
bloodstream [4,42,43], whereas adsorption of dysopsonins like HSA and apolipoproteins likely 
enhances circulation time [44,45]. Adsorbed apolipoproteins might also favor transport across the 
blood-brain-barrier (BBB) [46-48], likely through the interaction with low-density lipoprotein (LDL) 
receptors [49]. 

The importance of the protein corona for NPs behaviour must be carefully considered when 
developing and assaying new NPs, taking into account that the corona composition is dynamic and 
affected by the physicochemical properties of NPs. Proteomic assay, although very informative, cannot 
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be considered a technique of choice for a rapid screen of different NPs, or for a detailed time-course 
study during their incubation in biological fluids. As a complementary technique we therefore envisage 
to apply SPR, developing new experimental formats suitable to investigate the binding of relevant 
proteins onto NPs, in a short time and with a relatively high-throughput. 

Our strategy is to incubate NPs in the biological fluid of interest (e.g., plasma), isolate NPs by 
centrifugation, resuspending them in buffer. This suspension is then flowed, in the SPR channels, 
onto surfaces immobilizing suitable ligands, such as antibodies or other receptors. For the first, 
proof-of-principle studies, we selected anti-HSA and anti-ApoE antibodies (HSA-Ab and ApoE-Ab, 
respectively), and LRP-1 (low-density lipoprotein receptor-related protein), to investigate the NPs 
adsorption of HSA, ApoE and other LRP-1 binding proteins, whose relevance has been described 
above. For these studies we used 50 nm negatively-charged polymeric NPs. 

Figure 4. SPR study of protein corona, (a-c): PMMA NPs were preincubated in human 
plasma for 1 hour, precipitated by centrifugation, resuspended in buffer and injected for 
3 min onto chip surfaces immobilizing LRP-1 (a), anti-ApoE Ab (b) or anti-HSA Ab (c). 
Purple lines show the corresponding sensorgrams. As internal controls we injected NPs 
samples preincubated in buffer (blue sensorgrams) or sample obtained, with the same 
procedure (centrifugation and resuspension) from plasma alone (red sensorgrams). Black 
sensorgrams were obtained as difference between the purple and the red sensorgrams, to 
highlight the signal specifically due to proteins adsorbed to NPs during the incubation in 
plasma, (d-f): Black sensorgrams were obtained as described above. Resuspended NPs 
samples underwent further centrifugation and supernatants were injected (gray sensorgrams). 
See text for details. 
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A clear SPR signal was detected injecting NPs which had been preincubated with human plasma for 
one hour, at 37 °C (Figure 4 upper panel, purple sensorgrams), whereas no signal was found with NPs 
preincubated in buffer alone (blue sensorgrams, indicating no binding of plain NPs to the chip surface). 
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Some signal was found for samples in which plasma was incubated in the absence of NPs, indicating 
the precipitation of relevant proteins during the centrifugation step (red sensorgrams). This latter signal 
was then subtracted from that found in the presence of NPs, thus allowing us to estimate the SPR 
signal specifically due to proteins adsorbed to NPs during the incubation in plasma (black 
sensorgrams). The highest signal was found on the surface immobilizing LRP-1, followed by HSA-Ab 
and ApoE-Ab. In all cases the specific binding was quite stable with low dissociation rate constants: 
3.3 x 10" 4 s" 1 , 4.6 x 10" 4 s" 1 and >10" 5 s" 1 , for LRP-1, ApoE-Ab and HSA-Ab, respectively. 

The centrifugation step is necessary to remove plasmatic unbound antigens, isolating NPs-antigen 
complexes; however, the subsequent resuspension of the pellet might induce the dissociation of 
antigen from NPs and consequently the final signal (black sensorgrams) might be due to either the 
antigen still bound to NPs or to antigen dissociated from NPs. To evaluate this point, and to understand 
the stability of the antigen-NPs interaction, we centrifuged samples again, to pellet NPs, and injected 
the supernatants (containing dissociated antigen only). The corresponding sensorgrams are shown, as 
gray lines, in the lower panels of Figure 4, in comparison with the sensorgrams obtained before the 
second centrifugation (black lines). These data indicate that dissociated antigen account for a small 
proportion of the binding to ApoE-Ab and LRP-1, suggesting that these antigens firmly bind to NPs. 
On the contrary, half of the binding to HSA-Ab is due to dissociated HSA, indicating a weaker binding 
between HSA and NPs, in agreement with previous observations [41] and simulation analysis [40]. 

4. Conclusions 

In summary, our studies and others in the literature confirm that SPR may be the technique of 
choice for the rapid and informative evaluation of relevant properties of NPs, useful for screening and 
development purposes. Thus, SPR may provide a convenient in vitro approach to confirm the ability of 
functionalized NPs to bind to their putative biological target, and different approaches can be used to 
achieve this objective. A rapid in vitro assay is useful since the attachment of the functionalizing 
ligand to NPs might impair its binding properties [32] and these studies can also unveil an increased 
affinity for the target due to multivalent interactions [9,18,21]. Moreover, the SPR approach allows a 
rapid evaluation of the binding specificity. 

We also provide evidence that SPR is a fast method to investigate the adsorption of selected 
proteins onto NPs surface (corona). In the present study we looked at the adsorption of HSA because 
of possible consequences on NPs circulation time, and LRP-1 -binding proteins and ApoE because of 
their involvement for BBB passage [46-51]. Thus, the SPR assay could serve, for example, to rapidly 
predict, in vitro, the potential brain uptake of different NPs. The analysis for other antigens might 
allow us to predict other NPs behaviour, such as cell uptake or interaction with the immune system. 
Importantly, SPR also allows a relatively high throughput analysis, permitting systematic screenings of 
the behaviour of different NPs (e.g., different size, charge, composition, etc.), after incubation for 
different periods of time in different biological fluids. This is further added value of SPR, potentially 
very useful in the process of NPs development. 



Sensors 2012, 12 



16429 



References 

1 . Kim, B.Y.; Rutka, J.T.; Chan, W.C. Nanomedicine. N. Engl. J. Med. 2010, 363, 2434-2443. 

2. Riehemann, K.; Schneider, S.W.; Luger, T.A.; Godin, B.; Ferrari, M.; Fuchs, H. Nanomedicine 
— challenge and perspectives. Angew. Chem. Int. Ed. Engl. 2009, 48, 872-897. 

3. Petros, R.A.; DeSimone, J.M., Strategies in the design of nanoparticles for therapeutic applications. 
Nat. Rev. Drug Discov. 2010, 9, 615-627. 

4. Moghimi, S.M.; Szebeni, J. Stealth liposomes and long circulating nanoparticles: Critical issues in 
pharmacokinetics, opsonization and protein-binding properties. Prog. Lipid Res. 2003, 42, 463-478. 

5. Lundqvist, M.; Stigler, J.; Elia, G.; Lynch, I.; Cedervall, T.; Dawson, K.A. Nanoparticle size and 
surface properties determine the protein corona with possible implications for biological impacts. 
Proc. Natl. Acad. Sci. USA 2008, 105, 14265-14270. 

6. Monopoli, M.P.; Bombelli, F.B.; Dawson, K.A. Nanobiotechnology: Nanoparticle coronas take 
shape. Nat. Nanotechnol. 2011, 6, 11-12. 

7. Monopoli, M.P.; Walczyk, D.; Campbell, A.; Elia, G.; Lynch, I.; Bombelli, F.B.; Dawson, K.A. 
Physical-chemical aspects of protein corona: Relevance to in vitro and in vivo biological impacts of 
nanoparticles. J. Am. Chem. Soc. 2011, 133, 2525-2534. 

8. Tenzer, S.; Docter, D.; Rosfa, S.; Wlodarski, A.; Kuharev, J.; Rekik, A.; Knauer, S.K.; Bantz, C; 
Nawroth, T.; Bier, C; et al. Nanoparticle size is a critical physicochemical determinant of the 
human blood plasma corona: A comprehensive quantitative proteomic analysis. ACS Nano 2011, 5, 
7155-7167. 

9. Hong, S.; Leroueil, P.R.; Majoros, I.J.; Orr, B.G.; Baker, J.R., Jr.; Banaszak Holl, M.M. The binding 
avidity of a nanoparticle-based multivalent targeted drug delivery platform. Chem. Biol. 2007, 14, 
107-115. 

10. Stella, B.; Arpicco, S.; Peracchia, M.T.; Desmaele, D.; Hoebeke, J.; Renoir, M.; D'Angelo, J.; 
Cartel, L.; Couvreur, P. Design of folic acid-conjugated nanoparticles for drug targeting. 
J. Pharm. Sci. 2000, 89, 1452-1464. 

11. Reddy, L.H.; Couvreur, P. Nanotechnology for therapy and imaging of liver diseases. J. Hepatol. 
2011, 55, 1461-1466. 

12. Colombo, G.; Margosio, B.; Ragona, L.; Neves, M.; Bonifacio, S.; Annis, D.S.; Stravalaci, M.; 
Tomaselli, S.; Giavazzi, R.; Rusnati, M.; et al. Non-peptidic thrombospondin-1 mimics as fibroblast 
growth factor-2 inhibitors: An integrated strategy for the development of new antiangiogenic 
compounds. J. Biol. Chem. 2010, 285, 8733-8742. 

13. Rich, R.L.; Myszka, D.G. Higher-throughput, label-free, real-time molecular interaction analysis. 
Anal. Biochem. 2007, 361, 1-6. 

14. Gobbi, M.; Colombo, L.; Morbin, M.; Mazzoleni, G.; Accardo, E.; Vanoni, M.; Del Favero, E.; 
Cantu, L.; Kirschner, DA.; Manzoni, C; et al. Gerstmann-straussler-scheinker disease amyloid 
protein polymerizes according to the "Dock-and-lock" Model. J. Biol. Chem. 2006, 281, 843-849. 

15. Gesuete, R.; Storini, C; Fantin, A.; Stravalaci, M.; Zanier, E.R.; Orsini, F.; Vietsch, H.; 
Mannesse, M.L.; Ziere, B.; Gobbi, M.; et al. Recombinant cl inhibitor in brain ischemic injury. 
Ann. Neurol. 2009, 66, 332-342. 



Sensors 2012, 12 



16430 



16. Myszka, D.G. Kinetic analysis of macromolecular interactions using surface plasmon resonance 
biosensors. Curr. Opin. Biotechnol. 1997, 5, 50-57. 

17. Bravman, T.; Bronner, V.; Lavie, K.; Notcovich, A.; Papalia, G.A.; Myszka, D.G. Exploring 
"One-shot" Kinetics and small molecule analysis using the proteon xpr36 array biosensor. 
Anal. Biochem. 2006, 358, 281-288. 

18. Gobbi, M.; Re, F.; Canovi, M.; Beeg, M.; Gregori, M.; Sesana, S.; Sonnino, S.; Brogioli, D.; 
Musicanti, C; Gasco, P.; et al. Lipid-based nanoparticles with high binding affinity for amyloid- 
betal-42 peptide. Biomaterials 2010, 31, 6519-6529. 

19. Stravalaci, M.; Beeg, M.; Salmona, M.; Gobbi, M. Use of surface plasmon resonance to study the 
elongation kinetics and the binding properties of the highly amyloidogenic abeta(l-42) peptide, 
synthesized by depsi-peptide technique. Biosens Bioelectron 2010, 26, 2772-2775. 

20. Dossi, M.; Ferrari, R.; Dragoni, L.; Martignoni, C; Gaetani, P.; D'lncalci, M.; Morbidelli, M.; 
Moscatelli, D. Synthesis of fluorescent pmma-based nanoparticles. Macromol. Mater. Eng. 2012, 
doi:10.1002/mame.20 1200 122. 

21. Tassa, C; Duffner, J.L.; Lewis, T.A.; Weissleder, R.; Schreiber, S.L.; Koehler, A.N.; Shaw, S.Y. 
Binding affinity and kinetic analysis of targeted small molecule-modified nanoparticles. 
Bioconjug. Chem. 2010, 21, 14-19. 

22. Cooper, M.A.; Hansson, A.; Lofas, S.; Williams, D.H. A vesicle capture sensor chip for kinetic 
analysis of interactions with membrane-bound receptors. Anal. Biochem. 2000, 277, 196-205. 

23. Besenicar, M.; Macek, P.; Lakey, J.H.; Anderluh, G. Surface plasmon resonance in protein-membrane 
interactions. Chem. Phys. Lipids 2006, 141, 169-178. 

24. Erb, E.M.; Chen, X.; Allen, S.; Roberts, C.J.; Tendler, S.J.; Davies, M.C.; Forsen, S. 
Characterization of the surfaces generated by liposome binding to the modified dextran matrix of a 
surface plasmon resonance sensor chip. Anal. Biochem. 2000, 280, 29-35. 

25. Anderluh, G.; Besenicar, M.; Kladnik, A.; Lakey, J.H.; Macek, P. Properties of nonfused liposomes 
immobilized on an 11 biacore chip and their permeabilization by a eukaryotic pore-forming toxin. 
Anal. Biochem. 2005, 344, 43-52. 

26. Baird, C.L.; Courtenay, E.S.; Myszka, D.G. Surface plasmon resonance characterization of 
drug/liposome interactions. Anal. Biochem. 2002, 310, 93-99. 

27. Schlattner, U.; Wallimann, T. A quantitative approach to membrane binding of human ubiquitous 
mitochondrial creatine kinase using surface plasmon resonance. J. Bioenerg. Biomembr. 2000, 32, 
123-131. 

28. MacKenzie, C.R.; Hirama, T.; Lee, K.K.; Altman, E.; Young, N.M. Quantitative analysis of 
bacterial toxin affinity and specificity for glycolipid receptors by surface plasmon resonance. J. Biol. 
Chem. 1997, 272, 5533-5538. 

29. Graneli, A.; Edvardsson, M.; Hook, F. DNA-based formation of a supported, three-dimensional 
lipid vesicle matrix probed by qcm-d and spr. Chemphyschem 2004, 5, 729-733. 

30. Cedervall, T.; Lynch, I.; Lindman, S.; Berggard, T.; Thulin, E.; Nilsson, H.; Dawson, K.A.; 
Linse, S. Understanding the nanoparticle-protein corona using methods to quantify exchange rates 
and affinities of proteins for nanoparticles. Proc. Natl. Acad. Sci. USA 2007, 104, 2050-2055. 



Sensors 2012, 12 



16431 



31. Cabaleiro-Lago, G; Quinlan-Pluck, F.; Lynch, I.; Lindman, S.; Minogue, A.M.; Thulin, E.; 
Walsh, D.M.; Dawson, K.A.; Linse, S. Inhibition of amyloid beta protein fibrillation by polymeric 
nanoparticles. J. Am. Chem. Soc. 2008, 130, 15437-15443. 

32. Mourtas, S.; Canovi, M.; Zona, C; Aurilia, D.; Niarakis, A.; La Ferla, B.; Salmona, M.; Nicotra, F.; 
Gobbi, M.; Antimisiaris, S.G. Curcumin-decorated nanoliposomes with very high affinity for 
amyloid-betal-42 peptide. Biomaterials 2011, 32, 1635-1645. 

33. Canovi, M.; Markoutsa, E.; Lazar, A.N.; Pampalakis, G.; Clemente, C; Re, F.; Sesana, S.; 
Masserini, M.; Salmona, M.; Duyckaerts, C; et al. The binding affinity of anti-abetal-42 
mab-decorated nanoliposomes to abetal-42 peptides in vitro and to amyloid deposits in 
post-mortem tissue. Biomaterials 2011, 32, 5489-5497. 

34. Orsini, F.; Villa, P.; Parrella, S.; Zangari, R.; Zanier, E.R.; Gesuete, R.; Stravalaci, M.; 
Fumagalli, S.; Ottria, R.; Reina, J.J.; et al. Targeting mannose binding lectin confers long lasting 
protection with a surprisingly wide therapeutic window in cerebral ischemia. Circulation 2012, 126, 
1484-1494. 

35. Dobrovolskaia, M.A.; Patri, A.K.; Zheng, J.; Clogston, J.D.; Ayub, N.; Aggarwal, P.; Neun, B.W.; 
Hall, J.B.; McNeil, S.E. Interaction of colloidal gold nanoparticles with human blood: Effects on 
particle size and analysis of plasma protein binding profiles. Nanomedicine 2009, 5, 106-1 17. 

36. Walkey, CD.; Olsen, J.B.; Guo, H.; Emili, A.; Chan, W.C. Nanoparticle size and surface chemistry 
determine serum protein adsorption and macrophage uptake. J. Am. Chem. Soc. 2012, 134, 
2139-2147. 

37. Nel, A.E.; Madler, L.; Velegol, D.; Xia, T.; Hoek, E.M.; Somasundaran, P.; Klaessig, F.; 
Castranova, V.; Thompson, M. Understanding biophysicochemical interactions at the nano-bio 
interface. Nat. Mater. 2009, 8, 543-557. 

38. Lundqvist, M.; Stigler, J.; Cedervall, T.; Berggard, T.; Flanagan, M.B.; Lynch, I.; Elia, G.; 
Dawson, K. The evolution of the protein corona around nanoparticles: A test study. ACS Nano 
2011, 5, 7503-7509. 

39. Casals, E.; Pfaller, T.; Duschl, A.; Oostingh, G.J.; Puntes, V. Time evolution of the nanoparticle 
protein corona. ACS Nano. 2010, 4, 3623-3632. 

40. Dell'Orco, D.; Lundqvist, M.; Oslakovic, C; Cedervall, T.; Linse, S. Modeling the time evolution 
of the nanoparticle-protein corona in a body fluid. PLoS One 2010, 5, el0949. 

41. Cedervall, T.; Lynch, I.; Foy, M.; Berggard, T.; Donnelly, S.C.; Cagney, G.; Linse, S.; 
Dawson, KA. Detailed identification of plasma proteins adsorbed on copolymer nanoparticles. 
Angew. Chem. Int. Ed. Engl. 2007, 46, 5754-5756. 

42. Hillaireau, H.; Couvreur, P. Nanocarriers' entry into the cell: Relevance to drug delivery. Cell. Mol. 
Life Sci. 2009, 66, 2873-2896. 

43. Owens, D.E., 3rd; Peppas, NA. Opsonization, biodistribution, and pharmacokinetics of polymeric 
nanoparticles. Int. J. Pharm. 2006, 307, 93-102. 

44. Moghimi, S.M.; Hunter, A.C.; Murray, J.C. Long-circulating and target-specific nanoparticles: 
Theory to practice. Pharmacol. Rev. 2001, 53, 283-318. 

45. Ogawara, K.; Furumoto, K.; Nagayama, S.; Minato, K.; Higaki, K.; Kai, T.; Kimura, T. Pre-coating 
with serum albumin reduces receptor-mediated hepatic disposition of polystyrene nanosphere: 
Implications for rational design of nanoparticles. J. Control. Release 2004, 100, 451^155. 



Sensors 2012, 12 



16432 



46. Kreuter, J.; Shamenkov, D.; Petrov, V.; Ramge, P.; Cychutek, K.; Koch-Brandt, C; Alyautdin, R. 
Apolipoprotein-mediated transport of nanoparticle-bound drugs across the blood-brain barrier. 
J. Drug Target. 2002, 10, 317-325. 

47. Michaelis, K.; Hoffmann, M.M.; Dreis, S.; Herbert, E.; Alyautdin, R.N.; Michaelis, M.; Kreuter, J.; 
Langer, K. Covalent linkage of apolipoprotein e to albumin nanoparticles strongly enhances drug 
transport into the brain. J. Pharmacol. Exp. Ther. 2006, 317, 1246-1253. 

48. Zensi, A.; Begley, D.; Pontikis, C; Legros, G; Mihoreanu, L.; Wagner, S.; Buchel, C; von Briesen, H; 
Kreuter, J. Albumin nanoparticles targeted with apo e enter the ens by transcytosis and are delivered 
to neurones. J. Control. Release 2009, 137, 78-86. 

49. Wagner, S.; Zensi, A.; Wien, S.L.; Tschickardt, S.E.; Maier, W.; Vogel, T.; Worek, F.; 
Pietrzik, C.U.; Kreuter, J.; von Briesen, H. Uptake mechanism of apoe-modified nanoparticles on 
brain capillary endothelial cells as a blood-brain barrier model. PLoS One 2012, 7, e32568. 

50. Re, F.; Cambianica, I.; Sesana, S.; Salvati, E.; Cagnotto, A.; Salmona, M.; Couraud, P.O.; 
Moghimi, S.M.; Masserini, M.; Sancini, G. Functionalization with apoe-derived peptides enhances 
the interaction with brain capillary endothelial cells of nanoliposomes binding amyloid-beta peptide. 
J. Biotechnol. 2010, 156, 341-346. 

51. Re, F.; Cambianica, I.; Zona, C; Sesana, S.; Gregori, M.; Rigolio, R; La Ferla, B.; Nicotra, F.; 
Forloni, G; Cagnotto, A.; et al. Functionalization of liposomes with apoe-derived peptides at 
different density affects cellular uptake and drug transport across a blood-brain barrier model. 
Nanomedicine 2011, 7, 551-559. 

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.Org/licenses/by/3.0/). 



